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[36] The Chemiluminescence of Luminol 
and Related Hydrazides 

By. .David F. Roswell and Emil H. White 

Chemiluminescence is the production of light by chemical reactions. 
Electronically excited states are formed in the chemical reaction, and light 
emission from these completes the process. The relationship between 
chemiluminescence and absorption/emission phenomena, such as fluores- 
cence, are shown in Fig. 1. 

A surprisingly large number of chemical reactions are chemilumi- 
nescent. 1 " 4 This paper, however, will deal only with a rather famous exam- 
ple, the chemiluminescence of luminol [5-amino-2,3-dihydrophthaiazine- 
1,4-dione (compound I)]; some derivatives and analogs will also be dis- 
cussed. 



o 




NH 2 O 

(I) 



The first report of chemiluminescence from luminol was made by Al- 
brecht 5 in 1928. Since that time the reaction of luminol and other deriva- 
tives of the general hydrazide structure 6 have been studied extensively. A 
number of reviews on this subject have appeared over the last 15 years, 7-10 
and hence the historical aspects of the problem will be treated only briefly. 

1 K.-D. Gundermann, Top. Curr. Ckem. 46, 61 (1974). 

2 E. H. White and D. F. Roswell, Acc. Chem. Res. 3, 54 (1970). 

3 M. J. Cormier, D. M. Hercules, and J. Lee, eds., *' Chemiluminescence and Biolumines- 
cence." Plenum, New York, 1973. 

4 K.-D. Gundermann, "Chemilumineszenz Organischer Verbindungen." Springer- Verlag, 
Berlin and New York, 1968. 

5 H. O. Albrecht, Z. Phys. Chem. 136, 321 (1928). 

6 Luminol as well as being named as a phthalazinedione is also referred to as 3-aminophthalic 
hydrazide. 

7 E. H. White,//? "Light and LhV'(W. D. McElroy and B. Glass, eds.), Isted.,p. 183. Johns 
Hopkins Press, Baltimore, Maryland, 1961. 

8 K.-D. Gundermann, Angew. Chem., Int. Ed. 4, 566 (1965). 

9 F. McCapra, Quart. Rev. Chem. Soc, 20, 485 (1966). 

10 J. W. Haas, J. Chem. Educ. 44, 396 (1967). . 
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C 



Fig. 1. Chemiluminescence, path 1 + 2; fluorescence, path 2; absorption, path 3. 



Reaction Conditions 

The chemiluminescent reactions of luminol are all oxidations [Eq. (1)]. 
A wide variety of reaction conditions have been employed; the reaction can 
be carried out either in protic media or in aprotic solvents such as dimethyl 
sulfoxide (DMSO), hexamethylphosphoric acid triamide (HMPT), or di- 
methylformamide (DMF). In aprotic media, only oxygen and a strong base 
are required for chemiluminescence. 7 




Water is the most common protic solvent, although the reaction has 
been studied in the lower alcohols as well. The reaction in these solvents 
usually requires base, an oxidizing agent, and either oxygen or a peroxide, 
depending on the system. Hypochlorite, ferricyanide, and persulfate are 
commonly used oxidizing agents. In place of the oxidizing agents, chelated 
transition metal complexes, pulse radiolysis, 11 or. sonic waves 12 have been 
used in the presence of either oxygen or peroxides. 

11 J. H. Baxendale, Chem. Commun. 1971, 1490 (1971). 

12 E. N. Harvey, J. Am. Chem. Soc. 61, 2392 (1939). 
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One of the simplest systems involves adding luminol to a solution of 
hydrogen peroxide in dilute sodium carbonate that has been partially 
neutralized immediately before the luminol is added. 13 



Structural Effects 

Early workers investigated the effect of gross structural modifications 
of luminol [Eq. (1)]. 14 ~ 16 Compounds isomeric to (I) in the heterocyclic 
ring— compounds (II) and (III), as well as N or O methylation products (IV 
and V, respectively) — were nonchemiluminescent. 




N-NH, 





OCH 3 




TO TO) (IV) (V ) 

Analogs in which the amino group was replaced by other substituents, or 
analogs with substitution anywhere in the nonheterocyclic ring were gen- 
erally found to be chemiluminescent. These compounds vary in their 
light-producing ability; e.g., compounds (VI) 1 and (VII) 13 are more 
chemiluminescent than luminol whereas compounds (VIII) and (IX) are of 
lower efficiency. 14 



(CHjCH,,)^ 





(VI) 



(vn) 




(vm) 




(DC) 



13 E. H. White and R. B. Brundrett, in "Chemiluminescence and Bioluminescence" (M. J. 
Cormier, D. M. Hercules, and J. Lee, eds.), p. 231. Plenum, New York, 1973. 

14 H. D. K. Drew and F. H. Pearman,J. Chem. Soc. London 1937, 586 (1937). 

15 H. D. K. Drew and R. F. Garwood, J. Chem. Soc. London 1939, 836 (1939). 
18 E. H. Huntress and J. V. K. Gladding, J. Am. Chem. Soc. 64, 2644 (1942). 
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The chemiluminescence quantum yield (<D ch ), where <D ch = photons 
produced/molecules reacted, is used as the measure of light-producing 
ability. Forluminol, «D ch = 0.01; and for compound (VII), d> ch = 0.08. This 
quantum yield may also be defined as <D ch = ^n*^, where <& R is the 
fraction of reacting molecules following the correct chemical path, dj> ES is 
the fraction of excited states produced, and is the fluorescent quantum 
yield of the emitter. The light-producing ability of luminol analogs is thus a 
function of three factors; of these, ^ and <D n appear to be the most 
important. 17 - 18 

Products 

Under the mild reaction conditions possible in aprotic solvents, the 
organic product of the luminol oxidation is 3-aminophthalate (X), which is 



produced almost quantitatively.' 9 Nitrogen is evolved and oxygen is con- 
sumed in essentially molar amounts.' 9 In protic media the reaction condi- 
tions are so vigorous that degradation of the initially formed aminophtha- 
late occurs, but the overall reaction is believed to be the same. 

The Light Emitter 

In both protic and aprotic media the product phthalate ion, (X), is found 
in an electronically excited state and is responsible for the observed emis- 
sion. The identity of the fluorescence spectrum of the product with the 
chemiluminescence emission spectra of the reaction (see Fig. 2) establishes 
this point. As shown in Fig. 2a, the emission from the oxidation of luminol, 
(I), in aqueous media occurs at 425 nm and is superimposable on the 
fluorescence spectra of the total reaction products and also on the spectrum 
of 3-aminophthalate ion. In aprotic media the emission maxima are shifted 
to longer wavelengths. The long-wavelength emission has been attributed 
to the quininoid tautomer, (XI), of (X). This species would not be present in 

17 R. B. Brundrett. D. F. Roswell. and E. H. White,.y. Am. Chem. Soc. 94, 7536 (1972) 

18 R. B. Bnindrett and E. H. White. J. Am. Chem. Soc. 96, 7497 (1974) 

18 E H. White. O. C. Zafiriou. H. M. Kagi. and J. H. M. Hill, y. Am. Chem. Soc. 86, 940 
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diJjLhHr 0T T ettCe chemi,uminescen « emission spectra: (a) solvent is water; (b) 
d.memyl sulfoxide , chemiluminescence of luminol; fluorescence of 

iSS?S^ : fl r reSCenCC ° f t0ta ' reaCtion PermissionTreplns 
granted by the American Chemical Society. J. Am. Chem. Soc. 95, 2610 (1973). 
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highly aqueous media 20 because of the lowered basicity of a carboxylate 
group hydrogen-bonded to water molecules. In mixed solvent systems 
(DMSO-H 2 0) both emissions occur, the 425-nm band increasing with 
water concentration. These reaction systems show a one-to-one correla- 
tion between chemiluminescence and the fluorescence of (X) as long as the 
base used is a quaternary ammonium hydroxide. 

If other bases are used, this correspondence is lost; in a system of 90% 
dimethyl sulfoxide (DMSO)-water made basic with alkali metal hy- 
droxides (MOH), the shorter-wavelength emission band is more pro- 
nounced in 3-aminophthalate fluorescence than in luminol chemilumines- 
cence when M = Na + or K +2 ° (Fig. 3). 

The fluorescence spectrum of 3-aminophthalate shows a marked in- 
crease in the shorter-wavelength emission band with increasing sodium ion 
concentration, and at high sodium ion concentrations the longer-wave- 
length band is almost lost. The absorption spectrum of 3-aminophthalate 
ion shifts with increasing sodium ion concentration, suggesting that there is 
considerable ion paring in the ground state. Because of the short lifetime of 
the excited state, this ion pairing persists in the excited state. The ion pair of 
aminophthalate ion, (X), would be expected to have a lower electron 
density at the carbonyl moiety of the carboxylate group, and thus be less 
able to bring about the intramolecular proton transfer required to form the 
quininoid form (XI), which is responsible for the long-wavelength, emis- 
sion. Thus, metal ions form ion pairs with (X), which fluoresce at about 425 
nm, whereas the free ion can pass over to the quininoid form, (XI), which 
fluoresces at about 510 nm. 

The differences in the fluorescence emission spectra of 3-aminophtha- 
late ion and the chemiluminescence of luminol (Fig. 3) can also be ex- 
plained by the ion-pair effect. The fraction of excited aminophthalate ions 
in the ion-pair form differs in fluorescence and chemiluminescence. The 
fraction in fluorescence is essentially determined, by _ the ground-state 
equilibrium. The fraction of ion pairs in chemiluminescence is determined 



20 E. H. White, D. F. Roswell, C. C. Wei, and P. D. Wildes, J. Am. Chem. Soc. 94, 6223 
(1972); see also J. Lee and H. H. Seliger, Photochem. Photobiol. 15, 227 (1972) and J. D. 
Gorsuch and D. M. Hercules, Photochem. Photobiol. 15, 567 (1972). 
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Fig. 3. LummoIchemiluminescence( ) and 3-aminophthalate fluorescence (----) 

in 30 mol % water, 70 mol % dimethyl sulfoxide with (a) 20 mM sodium hydroxide; (b) 20 
mM potassium hydroxide. Permission to reprint is granted by the American Chemical So- 
ciety. J. Am. Chem. Soc. 95, 2610 (1973). 
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at the transition state of the reaction, and in the present case this value is 
lower than that in fluorescence. It should be pointed out that the above 
observations pertain to luminol and that usually the excited states formed 
in chemiluminescence and fluorescence are the same. 

The general picture of the chemiluminescence of cyclic hydrazides — 
that light emission occurs from the corresponding phthalate ion [Eq. (2)] 
—appears to hold with only rare exceptions. The parent compound (R=H, 




phthalic hydrazide) is essentially nonchemiluminescent in the protic sys- 
tem; 21 this is not surprising, since phthalate ion under the reaction condi- 
tions is not fluorescent. In aprotic solvents such as DMSO, however, the 
reaction of phthalic hydrazide with base and oxygen does give a yellow 
emission of moderate intensity, yet under the same conditions phthalate 
ion is again not fluorescent. The emission spectrum of this chemilumines- 
cence matches the fluorescence spectrum of the monoanion of the starting 
hydrazide, (XII), under the reaction conditions. Equation (3) has been 



proposed to account for this result. 22 This scheme requires production of 
excited phthalate and subsequent intermolecular energy transfer to the 
anion of the starting material from which emission occurs. The energy 
transfer apparently occurs between an excited phthalate ion hydrogen 
bonded to a phthalic hydrazide anion, since added fluoresces without 
acidic protons, such as acridone or the salt of Af-methyl phthalic hydrazide, 
do not accept the excitation energy. 

21 J. Stauff and G. Hartmann, Ber. Bunsenges. Phys. Chem. 69, 145 (1965). 

22 E. H. White, D. F. Roswell, and 0. C. Zafiriou, /. Org. Chem. 34, 2462 (1969). 
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NH 



NH base 



(xn) 



oxidation 



[phthalate ion] * 



(3) 



[Phthalate ion] * + (XII) 



phthalate ion + (XII)* 



<xn)* 



hv + (XH) 



Energy Transfer 

Energy transfer has also been shown to occur in the chemiluminescence 
of hydrazides 23 " 26 which are linked to some highly fluorescent groups. 
Compound (XIII) is a good example of this type of structure. In the case of 



compound (XIII), oxidation of the hydrazide portion of the molecule (in 
protic or aprotic media) results in emission from the acridone moiety. This 
emission occurs because of rapid intramolecular singlet-singlet energy 
transfer from the electronically excited phthalate ion to the acridone por- 
tion of the molecule. 

Reaction Mechanism 

Information about the mechanism of oxidation of Iuminol and other 
hydrazides has been obtained in studies using both protic and aprotic 
media. In aprotic media (DMSO), the dinegative ion, (XIV), formed in a 
stepwise reaction with base is a crucial intermediate [Eq. (4)] , 27 Subsequent 

23 E. H. White and D. F. Roswell, J. Am. Chem. Soc. 89, 3944 (1967). 

24 E. H. White, D. R. Roberts, and D. F. Roswell,//? "Molecular Luminescence" (E. C. Linn, 
ed.), 1st ed., p. 479. Benjamin, New York, 1969. 

25 D. F. Roswell, V. Paul, and E. H. White, J. Am. Chem. Soc. 92, 4855 (1970). 
28 D, R. Roberts and E. H. White, J. Am. Chem. Soc. 92, 4861 (1970). 

27 E. H. White and M. M. Bursey, J. Am. Chem. Soc. 86, 941 (1964). 




O 



(xm) 



418 



CHEMILUMINESCENT TECHNIQUES 



[36] 




(XIV) 

reaction of this intermediate with oxygen via some as yet undetermined 
pathway produces the phthalate ion in an excited state. 

The reaction of the dinegative ion could follow several pathways, as 
indicated in Eqs. (5a)-(5d). 

o 



(XIV) + o, 




+ o 2 " 



(XV) 



(XIV) + o a 




(XVI) 



(XIV) + 0 2 




(xvn) 



(5a) 



(5b) 



(5c) 



(XIV) 




<5d) 
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The radical anion intermediate, (XV), in Eq. (5a) has also been pro- 
posed for the reaction in protic media when transition metal complexes are 
used as catalysts, and for the electrochemical oxidation. 28 In protic media it 
could be formed by the pathway shown in Eq. (6). 7 - 29 Alternatively, it has 
m*+ + h 8 o 8 m 3+ + "oh + -oh 




(6) 

(XV) 



been proposed 30 that the metal ion forms a complex with the hydrazide, 
which is then oxidized, and it has also been suggested that it is a H0 2 ~ M 2 + 
complex which produces the hydrazide radical anion. 31 

The azaquinone proposed in Eq. (5b) has received considerable atten- 
tion as a possible reaction intermediate; it was proposed as an intermediate 
in the first paper published on the chemiluminescence of luminol. 5 Later 
workers, on the basis of kinetic evidence, have suggested azaquinones as 
intermediates in the persulfate/hydrogen peroxide-driven chemilumines- 
cence of luminol as well as in the hypochlorite oxidation. 32 - 33 Azaquinones 
have been trapped as their cyclopentadiene adducts, 34 (XIX), from solu- 
tion, which in the absence of the trapping agent normally exhibit 




(XDC) 

chemiluminescence. These adducts have been identified by thin-layer 
chromatography; the yield is low, accounting for only a small fraction of the 
starting hydrazide. 

M B. Epstein and T. Kuwana, Photochem. Photobiol. 4, 11 57 (1965). 
M P. B. Shevlin and H. A. Neufeld.7. Org. Chem. 35, 2178 (1970). 

30 A. K. Babko and N. M. Lukovskaya, Ukr. Khim. Zh. 30, 508 (1964). 

31 T. G. Burdo and W. R. Seitz, Anal. Chem. 47, 1639 (1975). 

32 M. M. Rauhut, A. M. Semsel, and B. G. Roberts, J. Org. Chem. 34, 2431 (1966) 

33 W. R. Seitz, J. Phys. Chem. 79, 101 (1975). 

34 Y. Omote, T. Miyake, and N. Sugiyama, Bull. Chem. Soc. Jpn. 40, 2446 (1967). 
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Diazaquinones are reactive but isolable compounds. 35 " 37 They 
chemiluminesce in the presence of alkaline hydrogen peroxide and, unlike 
the hydrazides, do not require peroxide-decomposing catalysts or oxidiz- 
ing agents. Comparison of the emission spectra from the chemilumines- 
cence of the hydrazide and the corresponding diazaquinone show that the 
emitter (the phthalate ion) is the same in the two cases. The diazaquinone 
has been detected by stop-flow spectroscopy during the hypochlorite- 
catalyzed oxidation of 2,3-naphthalic hydrazide. 38 However, its detection 
is a function of the hydrogen peroxide concentration. At high hydrogen 
peroxide concentrations it is not detectable. Rate studies are difficult to do 
and indicate that the steps prior to the production of the diazaquinone are 
rate determining. The few facts that are available support the hypothesis 
that azaquinones are intermediates in the light-producing oxidation of the 
hydrazides. 

The intermediates proposed in Eqs. (5c) and (5d), instead of being 
formed directly, could also be thought of as arising from reaction of the 
azaquinone with hydroperoxide ion or superoxide ion [Eq. (7)]. Evidence 




(7) 



(xvn) pcvm) 
has been presented that superoxide may be involved in the reaction of 
luminol with base and oxygen in aqueous media, since superoxide dis- 
mutase quenches the chemiluminescent reaction. 39 

35 K.-D. Gundermann, Angew. Chem. 80, 494 (1968). 

36 E. H. White. E. G. Nash. D. R. Roberts, and O. C. Zafiriou.7. Am. Chem. Soc. 90, 5932 
(1968). 

37 K.-D. Gundermann, in "Chemiluminescenceand Bioluminescence" (M. J. Cormier, D. M 
Hercules, and J. Lee, eds.), p. 209. Plenum, New York, 1973. 

38 C. Lee, unpublished results, 1974. 

39 E. K. Hodgson and L Fridovich, Photochem. PhotobioL 18, 451 (1973). 
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Singlet oxygen, produced via dye sensitization, has been shown to 
cause luminol chemiluminescence in aqueous base. 40 " 42 Singlet oxygen 
produced by laser irradiation produces only very weak chemiluminescence 
from luminol, and 3-aminophthalate is not the major product. It has been 
suggested that emission arising in the dye sensitization experiments is due 
to radicals being produced concurrently with singlet 0 2 . 42 

The oxidation of hydrazides under mild conditions can produce prod- 
ucts other than phthalate ion. Reaction of phthalic hydrazide with base and 
potassium ferricyanide or hydrogen peroxide-ammonium hydroxide- 
copper has been shown to produce phthalaldehydic acid, (XX), as well as 
phthalate ion itself. 43 Oxidation of the naphthalic hydrazide, (XXI), with 

0 

^>v- CH0 




"COgH 
(XX) 

(XXI) 

basic hypochlorite mixtures also produces the corresponding acid al- 
dehyde. 38 The formation of the aldehyde is not surprising, since 
diacylimides are known to react with bases to produce one equivalent of 
acid and one of aldehyde [Eq. (8)]. 44 

O O 0 0 

II II II II 

R-C-N = N-C-R' _ R-CH + R-COH 

The yield of aldehyde in the hydrazide reactions decreases at the higher 
hydrogen peroxide concentrations that lead to enhanced light emission. 
Thus, the aldehyde may be a product of a dark reaction and the interception 
of species (XXII) may be directly on the light-emission pathway [Eq. (8)]. 

hv 



(XIV) 




o X[o] 
c© 



o 
(xxn) 



c-o 0 (g) 




(XX) 



40 K. Kuschnir and T. Kuwana, Chem. Commun. 1969, 193 (1969). 
41 1. B. C. Matheson and J. Lee, Photochem. Photobiol. 12, 9 (1970). 

42 I. B. C. Matheson and J. Lee, Photochem. Photobiol 24, 605 (1976). 

43 T. Huang, unpublished results, 1972. 

44 C. Niemann and J. T. Hays, J. Am. Chem. Soc. 74, 5796 (1952). 



422 



CHEMILUMINESCENT TECHNIQUES 



[36] 



In summary, it appears that dianion (XIV) is involved in aprotic oxida- 
tions, the radical anion (XV) in protic ones, and the azaquinones very 
probably are involved in the light pathway. 

Monoacylhydrazides 

Noncyclic nonoacylhydrazides, such as compounds (XXIII)-(XXV), 
have been reported to be chemiluminescent. 45,46 The oxidizing systems 
used are the same as those used for the cyclic hydrazides. The 




R 



(xxni) (xxiv) (xxv) 

monoacylhydrazides are moderately chemiluminescent compounds; com- 
pounds (XXIV) and (XXV) have 0> c , = 0.003 (in comparison, the value for 
luninol is 0.01). 

The pathway leading to light emission appears to be different from that 
of luminol and the cyclic hydrazides, 47 and thus these compounds are not 
good models for the luminol chemiluminescence. The emitter in the case of 
compound (XXV) corresponds to the fluorescence of acridone and its 
anion. Thus the most efficient light-producing reaction requires a decar- 
bonylation or decarboxylation. One crucial intermediate would be the acyl 
anion (XXVI), which could lose carbon monoxide and react with oxygen to 




45 E. H. White, M. M. Bursey f D. F. Rosweh\and J. H. M. Hill,/. Org. Chem. 32, 1 198(1967). 

46 E. Rapaport, M. W. Cass, and E. H. White, /. Am. Chem. Soc. 94, 3153 (1972). 

47 In an earlier report 46 it was erroneously proposed that the mechanism of oxidation of 
(XXIV) and (XXV) were the same as for the cyclic hydrazides, and that the corresponding 
carboxylate ion was the light emitter. 
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form the excited state of acridone anion 48 - 49 [(XXVII), Eq. (9)]. Alterna- 
tively, the acyl anion could react with oxygen and then decarboxylate via a 
dioxetane intermediate with formation of an excited state 50 - 32 [Eq. (10)]. 
Note that acridine carboxylic acid is only weakly fluorescent and that it 
may be formed via the luminol pathway also, but the low quantum yield to 
be expected precludes detection of this pathway. 47 



(XXVI) 




©o-° 

/ (9) 

/ 




(XXVII) 



(XXVI) 




The decarbonylation (decarboxylation) pathway does not appear to be 
operative in the case of the cyclic hydrazides, since naphthalic hydrazide, 
(XXI), yields naphthalate excited states, but not those of 3-hydroxyl-2- 
naphthoic acid. 

48 G. A. Russell and E. G. Janzen, /. Am. Chem. Soc. 84, 4153 (1962). 

49 G. A. Russell and A. G. Bemis, J. Am. Chem. Soc. 88, 5491 (1966). 

50 F. McCapraMcc. Chem. Res. 9, 201 (1976). 

81 N. J. Turro, P. Lechtken, N. E. Schore, G. Schuster, H. C. Steinmetzer, and A. Yekta Acc 

Chem. Res. 7, 97 (1974). 
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